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Abstract. Recent advances in observational performance and numerical simulations have 
revolutionised our understanding of the solar chromosphere. This concerns in particular the 
structure and dynamics on small spatial and temporal scales. As a result, the picture of the 
solar chromosphere changed from an idealised static and plane-parallel stratification to a 
complex compound of intermittent domains, which are dynamically coupled to the layers 
below and above. In this picture, the chromosphere in a stricter sense is associated with 
the typical fibrillar structure shaped by magnetic fields like it is known from images taken 
in the Ha line core. In internetwork regions below this layer, there exists a domain with 
propagating shock waves and weak magnetic fields, which both probably interact with the 
overlying large scale field. The existence of such a sub-canopy domain certainly depends 
on the properties of the overlying field. Details of the structure of the lower atmosphere can 
therefore be expected to vary significantly from location to location. Here, high-resolution 
observations, which were obtained with the CRISP filter at the Swedish Solar Telescope, 
are used to derive qualitative constraints for the atmospheric structure of quiet Sun regions. 
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1. Introduction 

Exploring the fine-structure of the solar 
chromosphere requires the combination of 
high spectral, temporal, and spatial res- 
olution. In this respect, new instruments 
like the Interferome tric BId i mensi onal 
Spectrometer (IBIS, ICavallinil l2006h at 
the D unn Solar Telescope and the CRISP 
filter dScharmer et al.l I2008I) at the Swedish 
Solar Telescope (SST) produced remark- 
able progress in o ur understan d ing o f this 



maps obtained with IBIS in the Ca II 854.2 nm 
line core show a fibrilar structure as it was 
known from Ha observations. It implies that 
magnetic fields are an integral component 
even of quiet Sun regions. Quantitative 
measurements of the magnetic field above 
the photosphere are therefore essential for 
a better understanding of the structure and 
dynamics of the quiet Sun atmosphere. 
Despite the large progress in instrumentation, 
such measurements are still ve ry d ifficult 
as demonstrated by IWogeretalJ d2009l) and 



Ide la Cruz Rodriguez et alJ ( in pressl see this 



atmospheric la yer. Cauzzi et al.l d2008l) and 
IVecchio et al] d2009l) reportthat intensity volume) using IBIS and CRISP, respectively. 
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Table 1. CRISP data sets used in this study, scanning through the Call 854.2 line in June 2008. 



data 


target 


date 


location 


A 


(AA) core 


(A/l) wing 


At 


duration 


set 




(June) 


G") 


[pm] 


[pm] 


[pm] 


M 


[min] 


1 


coronal hole, quiet 


13 th 


0.92 


-92.0-19.4 


4.8 


4.8 


9 


33 


2 


coronal hole, quiet 


15 th 


0.99 


-193.9- 193.9 


9.7 


19.4 


11 


53 


3 


AR 10998 (decayed) 




0.98 


-193.9- 193.9 


9.7 


19.4 


11 


41 


4 


AR 10998 (pore) 


12 th 


0.81 


-48.0-48.0 


9.7 


19.4 


11 


41 



In particular the presumably weak magnetic 
fields above the internetwork photosphere 
are difficult to measure. Until even better 
instruments become available, we are mostly 
bound to derive qualitative constraints based 
on high-resolution intensity map series in 
close comparison with current numerical 
simulations. 

In this paper, such qualitative (but still pre- 
liminary) constraints are derived from the anal- 
ysis of CRISP data. Observations of regions in 
a coronal hole with apparently very weak mag- 
netic field are compared to a peculiar region 
outside the hole that remained after the decay 
of an active region. 



2. Observations 

The CRISP instrument is used to scan through 
the CalllR line at A = 854.2 nm. See Table Q] 
for an overview over the data sets. All data sets 
are complemented with wide- band (WB) im- 
ages. T he MOMFBD code by Ivan Noort et alJ 
(2005) was used for image restoration. The 
data sets were obtained at different days at po- 
sitions close to disc-centre. Sets 1 (June 13th, 
2008) and 2 (June 15th, 2008) were taken in 
quiet Sun regions in a coronal hole. Data set 3 
(June 14th, 2008) shows a very peculiar re- 
gion in the remaining of a decaying active re- 
gion (AR10998). Two days earlier (June 12th, 
2008) there a pore was visible at that location 
(set 4). The data sets are complementary con- 
cerning the topology of the magnetic field. The 
cell in set 3 is covered by a presumably hor- 
izontally aligned field, whereas the quiet Sun 
sets 1 and 2 show a less dense coverage with 
magnetic field and probably a more vertically 
aligned field. 



3. Inside a coronal hole 

3.1. Atmospheric structure 

The CRISP WB images essentially map the 
continuum intensity formed in the low photo- 
sphere. In data sets 1 and 2, these maps show 
normal quiet Sun granulation with a few bright 
grains in the intergranularlanes (Fig.[TJ. These 
grains are known to be associated with mag- 
netic field structures. By stepping through the 
Ca line towards the core, the maps in prin- 
ciple show atmospheric layers at increasing 
height. The line wing maps at 854. 147 nm are 
clearly dominated by the reversed granulation 
pattern, which is formed in the middle photo- 
sphere. The most pronounced features can still 
be identified in the maps close to the line core. 
The core maps exhibit only very few fibrils 
(which would be part of the magnetic chromo- 
sphere in a stricter sense) and a faint mesh-like 
pattern in-between. The latter is most likely 
produced by the interaction of shock waves. 
Such a doma in was called "clapotisphere" by 
iRuttenl (f 19951) and alternatively "fluctos phere" 
bv dWedemever-Bohm & Wogeri l2008h . The 
reversed granulation and fiuctospheric pattern 
blend smoothly as one steps through the wave- 
length. Most of the bright structures that are 
obvious in the line core maps can only be dis- 
cerned up to 0.24 nm into the wing. 

3.2. Internetwork bright points 

Most bright points (BPs) can be followed 
through the Ca line towards clear counterparts 
in the line core. Their positions are not very 
different in the WB and the line core maps. 
The size is generally more extended in the Ca 
line core compared to the WB. In the idealised 
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Fig. 1. CRISP scans through the Ca line in data set 2 for a close-up region (top) and strongly magnified 
(bottom). The WB maps and a few wavelength steps are shown (left to right). 



"flux tube" picture, this would imply a predom- 
inantly vertically orientated funnel, which ex- 
tends with height in response to the decreas- 
ing thermal pressure of the ambient medium. 
However, the scene in the maps in and close 
to the Ca line core leaves no doubt that this 
picture is oversimplified. For some WB BPs, 
there is no clear counterpart in the maps closer 
to the line core but only a faint and diffuse 
feature. Vice versa, some roundish brighten- 
ings, which are present throughout the CRISP 
scans, cannot unambiguously be identified in 
the WB. BPs often appear in small groups in 
the WB maps. From this alone, the change of 
the magnetic field with height cannot conclu- 
sively be deferred, demonstrating the need for 
direct measurements of the magnetic field. 

3.3. Propagating shock fronts 

Propagating shock fronts seem to be an ubiq- 
uitous phenomenon in the Ca line core maps. 
There are examples of bright grains that evolve 
into granule-size bright rings before fading 
away. The estimated lifetime of such events is 
of the order of 100s. Horizontal shock expan- 
sion speeds seem to be of the order of 8 - 10 
kms -1 . The intensity signature reminds of the 
one seen in the flucto sphere of 3D simulations 
as described, e.g., by IWedemever-B ohm et al. 



(2009, see Fig. 15 therein). The ubiquitous 
shock waves in the simulations can be seen 
as expanding rings of enhanced intensity in 
the Call line cores. The strongest brighten- 
ing occurs at sites where neighbouring shock 
fronts collide, compress and heat the gas to 
high temperatures. These collision zones are 
then visible as thin elongated threads and/or 
small grains. The CRISP data discussed here 
has the sufficient spatial, temporal, and spec- 
tral resolution t o reveal these details. As 
demon strated by Wedemever-Bohm & Woger 
(2008), limited instrumental possibilities can 
easily smear out most of the faint fine- 
structure so that only the brightest fea- 
tures are detected. That is probably why 
so far mostly short-lived Ca grain s were 
observed (e.g.. iRutten & Uitenbroekl Il99lt 
iKneer & von Uexkulllll993l) . 

3.4. Calcium swirls 



The line core maps of data sets 1 
and 2 exhibit small-scale swirl even ts 
( Wedemever-Bohm & Rouppe van der Voortl 
2009, see also the movie in the online mate- 
rial). They consist of ring fragments and/or 
spiral arms that appear to rotate around small 
groups of bright points in the centre. The 
diameters of the rotating regions are typically 
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~ 2", The width of the features is of the order 
of only 0'.'2, which is close to the effective 
spatial resolution of the observations. The line 
core is blue-shifted at positions in the dark 
fragments, corresponding to upward velocities 
of the order of 2 to ~ 5km/s. The blue-shift 
often increases along the dark spiral arms out- 
wards, reaching velocities of up to ~ 7 km/s. It 
seems as if plasma is accelerated and ejected. 
This phenomenon is most likely caused by 
plasma spiraling upwards in a funnel-like 
magnetic field structure. The motion of the 
related photospheric BPs suggests that the 
magnetic footpoints of these structures are 
buffeted by the convective flows, resulting in 
the twisting and braiding of the field above. 
This mechanism wo uld have im plications 
for coronal heating dParkerl 1 19881) . Current 
3D MHD simulations with C0 5 BOLD show 
ring fragments in magnetic funnels, which 
probably are related to swirls. 

4. A peculiar region outside a coronal 
hole 

Data sets 3 and 4 were recorded in a decay- 
ing active region. The prominent pore in data 
set 4 has vanished and is no longer visible in 
set 3 just two days later. Instead we see a well 
outlined region that resembles a network cell 
but probably has a stronger magnetic field. The 
two halves have opposite polarity as can be 
seen from the magnetogram in Fig.[2](recorded 
five minutes after the Ca line scan). The mag- 
netic field lines connecting the two polarities 
are therefore neatly aligned, resulting in a mag- 
netic field "canopy", which is visible in form of 
fibrils in the Ca line core maps. The Stokes V 
signal in the interior is predominantly weakly 
negative except for a small number of "islands" 
with positive signal, which are more frequent 
towards the left-hand part. The granulation in 
the cell interior appears to be normal. 

4.1. Shock waves 

In Fig. [3^, the spectrum of the Ca line is shown 
as function of time for a position outside the 
peculiar cell. It shows a clear signature of prop- 
agating shock waves with characteristic blue 
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Fig. 2. Inner part of the FOV in data set 3 fea- 
turing a prominent region. Top: Call intensity map 
at A = 854.2 nm (average line core position); bot- 
tom: magnetogram taken 5 min after the intensity 
map. The left part of the cell has positive Stokes V 
(white), whereas the right side has negative (black). 



and red shifts of the line core. The quiet Sun 
data sets 1 and 2 show an even more pro- 
nounced shock wave activity. In contrast, the 
spectrum taken at a position in the cell inte- 
rior shows essentially no shock wave signature. 
There is only a small intensity excess mov- 
ing through the spectrum with time, which can 
be interpreted as the onset of shock formation 
without a sign of a propagating shock wave af- 
terwards. 

As the granulation (low photosphere) and 
the reversed granulation (middle photosphere) 
look "normal", it is likely that acoustic waves 
are excited in the lower atmosphere in the cell 
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interior. The absence of shock wave signatures 
is therefore probably caused by the magnetic 
field in the layers above. A horizontal mag- 
netic field, as it is seen in form of Ca line 
core fibrils, may hinder the steeping of the ini- 
tial acoustic waves into shock waves. It possi- 
bly includes dissipation of wave energy, (par- 
tial) wave mode conversion, and the suppres- 
sion of downflowing material which may con- 
tribute to the shock formation process. Based 
on the results from numerical simulations the 
shocks are typically formed at heights be- 
tween 700 km and 1000 km. The normal ap- 
pearance of the reversed granulation pattern to- 
gether with the absence of shocks could be in- 
terpreted such that the fibrilar magnetic field 
spanning the region is possibly located higher 
than 400 km but well below 1000 km. This 
does not exclude that the field covers the height 
range above, too. 

4.2. Magnetic field topology above 
internetwork bright points 

There are a number of photospheric BPs in 
the cell interior, which stay in place for quite 
some time. They are visible in the WB maps 
and throughout the whole Ca line scans. A few 
examples are shown in Fig. |4] The upper row 
is for a BP, which is located close to the cell 
boundary. The leftmost panel shows the mag- 
netogram for that region. As the magnetogram 
was recorded five minutes after the Ca line 
scan, small differences due to evolution and ad- 
vection are to be expected. Nevertheless, the 
magnetogram shows that this particular BP is 
connected to negative Stokes V. Most of the 
other BPs, especially those further away from 
the left cell boundary, are instead connected to 
positive Stokes V. 

Like in the WB images, the BPs are seen as 
roundish bright features in the Ca maps when 
stepping through wavelength towards the line 
core. In many cases, this holds up to 20 to 
30 pm from the central wavelength. Closer to 
or at the line core, fibrils become visible. In 
most cases, the BP appears as faint knot on 
a fibril. There are examples for which a few 
secondary knots appear next to the main BP. 
These knots can be found either on the same 




AK [pm] AX [pm] 

Fig. 3. Spectra of the Call 854 line as function of 
time for two pixels in data set 3. a) outside the cell 
(lower right corner of the FOV, [60'.'4, 8'.'0]); b) in- 
side the cell at [23 '.'9, 44 '.'9]. Coordinates refer to 
Fig.13 



fibril as the main BP or at neighbouring fibrils. 
Finally, there are examples for which more ex- 
tended elongated bright features appear next to 
the main BP. These can even be orientated per- 
pendicular to the fibrils. A possible explanation 
is that the bright knots on the fibrils are connec- 
tion points between the BP fields and the over- 
lying "canopy" field, which itself is anchored 
in the magnetic network boundaries. However, 
it is not possible to deduce the magnetic field 
topology from the intensity maps alone. The 
knots could therefore just be a line-of-sight ef- 
fect, with the BPs shining through the fibrils. 

4.3. Bright blobs moving along fibrils 

Individual bright blobs appear to move along 
the fibrils in the Ca line core maps, thus fol- 
lowing the magnetic field across the network 
cell. There are examples for propagation from 
W to E but also from E to W. The blobs are of- 
ten comparable in size with the fibrils but can 
also be somewhat larger. Sometimes there are 
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magnetogram WB AX. = -193.9 pm AX = -29.1 pm AX = -19.4 pm AX = -9.7 pm AX = 0.0 pm 
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Fig. 4. Bright points in data set 3. Each row shows a different example. The leftmost column shows the 
wideband image, the next in the blue wing of the Ca line, and the others on the blue side of the line core. 
The dotted contour mark the bright points as seen in the wideband. 



chains of bright blobs that move next to each 
other along neighbouring fibrils. Data set 4 
even exhibits pulses that seem to run from the 
magnetic field structure in the middle of the 
FOV radially outwards, following the fibrils. 



The panels in Fig. [5] show close-ups of a 
blob for four time steps in the Ca line core. The 
feature is not visible in the line wing maps, im- 
plying that this phenomenon truly originates in 
a layer above the photosphere. The blob can be 
tracked over ~ 1 1 min before it vanishes close 
to other the cell boundary. The apparent prop- 
agation speed is of the order of 4 to 8kms _1 
with a possible (and yet to be confirmed) mod- 
ulation with a period of 7 min. 



A likely interpretation is that waves are 
excited at the photospheric footpoints of the 
field structure in the magnetic cell boundary 
and then move along the field lines. Another 
possibility is that a upward propagating wave 
front reaches the canopy fibrils from below at 
consecutive times, producing the impression of 
a moving blob. Interaction with shock waves 
would be a potential excitation mechanism for 
the observed lateral swaying of fibrils. 



4.4. Diffuse features 

Finally, there are fast propagating features of 
slightly enhanced intensity that do not fol- 
low the magnetic field associated with the fib- 
rils. They have larger extent than the BPs and 
blobs discussed above, appear more diffuse 
and propagate fast. A possible explanation is 
that they are wave fonts being "scattered" at 
the lower boundary of the magnetic "canopy" 
field. However, a more thorough analysis of 
such events is required. 

5. Discussion 

Coronal hole data: The CRISP images 
taken in the coronal hole (Sect. [3} show only 
only few fibrils. The same is found in cor- 
responding Ha images, which were taken in 
the same FOV as data set 2 directly after the 
Ca series. In contrast, the Ca line core images 
in set 4 outside the coronal hole (even in a 
quiet region away from the pore) are charac- 
terised by fibrils . The latter agrees with IBIS 
observations by ICauzzi et al.l d2008l) who re- 
port a high coverage of fibrils in line core maps 
even in quiet Sun regions. The magnetic field 
configuration in- and outside coronal holes is 
obviously very different. It has direct conse- 
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Fig. 5. Close-ups of Ca line core maps from data set 3 for the Ca line wing. The panels from left to right 
show the temporal evolution. The dotted circles mark a bright blob that propagates parallel to the fibrils. 



quences for the magnetic field structure on 
smaller scales in the layer above the photo- 
sphere which is mapped in the Ca II 854.2 nm 
line core. It is likely that the chromosphere in 
coronal holes has no pronounced canopy field 
but rather contains "open" and more vertically 
orientated field lines. At least it would explain 
why swirls were only found in the coronal hole 
data away from fibrils. Horizontal or at least 
more inclined fields, which would show up as 
fibrils, are likely to hinder the rotating motion 
associated with swirls. 

Next to the fibrils, the CRISP line core 
maps contain a short-lived mesh-like pattern 
with bright grains at the vertices . It is sim- 
ilar to the pattern observed by IWoger et alj 
(2006) with a particularly narrow Lyot filter 
(FWHM 30 pm) at the German Vacuum Tower 
Telescope. This pattern is very likely the inten- 
sity signature of a "flu ctosphere" (see Sect.13. 1 1 
here and Fig. 15 in Wedemever-Bohm et al. 
2009) as it is present in numerical 3D 
simulations that includ e no or only weak 
magnetic fields (e.g., ISkartlien et al.l 120001: 
Wedemever et al. 2004; Martmez-Svkora et al. 



2008). 



The peculiar region: In contrast to the 
coronal hole data, the peculiar region analysed 
in Sect.|4]has a strong magnetic "canopy" field, 
which is visible as fibrils spanning across the 
cell. Most of them are far from static but sway 
laterally with a range of different apparent peri- 
ods. The fibrils observed in the Ca line core are 
not necessarily the same as sampled in the Ha 
line. It could well be so that there exist several 
layers of fibrils with the lower laying ones vis- 



ible in the Ca line core and those above visible 
in the Ha line. 

The normal appearance of reversed gran- 
ulation and the absence of shock signatures 
would constrain the lower boundary of such 
a magnetic canopy to a layer between ~ 
400 km and ~ 700 - 1000 km. (These numbers 
are based on numerical simulations by, e.g. 



Martmez-Sykora et al. 2008; Wedemever et al. 



2004). A )ossible explanation for a low bound- 
ary is that the fibrils sink down in the atmo- 
sphere due to "mass-loading", i.e., mass in- 
jected into the fibrils at their footpoints. The 
features discussed in Sect. 14.31 could indeed 
indicate parcels of gas moving along the fib- 
rils. The diffuse features in Sect. 14.41 might 
be "failed shocks" - waves approaching a low 
canopy from below and getting scattered and 
damped before they can steepen into the saw- 
tooth profile so prominently seen in the the 
coronal hole data. 

An alternative explanation for the absence 
of shocks could be that the overlying mag- 
netic canopy forms a cavity that favors stand- 
ing waves over propagating waves. 

6. Conclusion 

During the last years, our picture of the lower 
solar atmosphere changed from a static plane- 
parallel stratification to a very complex, cou- 
pled compound of dyna mic domains ( s ee the 



recen t reviews by, e . g.. lSchriiverll2 001; Judge 
2006; iRuttenl l2007t IWedemever-Bohm et al 



2009). Outside coronal holes, the magnetic 
field above the photosphere often appears 
to consist of a large-scale canopy and an 
enclosed sub-canopy domain with presum- 
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ably weaker field. The transition between 
these components is certainly continuous. 
The sub-canopy domain may host a "fluc- 
tosphere"/"clapotisphere" produced by shock 
waves. The existence of such a domain, how- 
ever, critically depends on the properties of 
the overlying "canopy" field. The example dis- 
cussed in Sect. [4] suggests that a canopy at 
low height could possibly suppress a flucto- 
sphere. The atmospheric structure might there- 
fore vary significantly between different quiet 
Sun regions. The differences are particularly 
large compared to regions inside coronal holes, 
which do not seem to possess a pronounced 
horizontal field component as in a canopy. The 
absence of such a component could make the 
existence of a fluctosphere more likely in these 
regions. 

In regions with a magnetic canopy, up- 
wards propagating shock waves have to meet 
the overlying magnetic field at some point but 
would already interact with the (supposedly 
weaker) magnetic fiel d in the sub- canopy do- 
main on their way up (ISteinerl 12009). The de- 
tails of such interactions still need further in- 
vestigation. It certainly includes mode conver- 
sion and wave guiding and may have implica- 
tions for the energy transport in the quiet Sun 
on small spatial scales. 
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